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Introduction
The advent and rapid development of integrated wearable electronic devices, wireless sensors, roll-up displays, pliable smartcards, electronic skins, flexible smartphones, portable and implantable medical devices, etc. is driving the huge interest surge in flexible energy storage devices. [1] Many electronic companies have launched flexible concepts and products such as Nokia Morph, Philip Morph, iPhone ProCare, Filip Fluid, LG G Flex, Intel Jarvis, Samsung Galaxy Gear, Google Glass, etc. [2] The most frequent challenge that is bottlenecking the practical implementation of flexible systems is the availability of flexible and reliable power sources with a high energy density, long cycle life and excellent rate capability. To be acceptable for use, these electronic devices require a small, flexible and lightweight energy storage system that is robust under bending, twisting, compressing and stretching deformations without compromising their functions and performance. Flexible energy storage systems such as flexible alkaline batteries, [3] flexible zinc carbon batteries [4] all-polymer batteries, [5] polymer lithium-metal batteries, [6] flexible rechargeable lithium ion batteries (LIBs) [7] and flexible supercapacitors (SCs) [8] have been explored and investigated. Among these, flexible LIBs and SCs are very promising due to their higher energy and power density, longer life and environmental benignity. [9] Flexible LIBs and SCs have the same charge storage mechanism as conventional LIBs or SCs and are popularly used in electronics, electric vehicles (EV) and hybrid electric vehicles (HEV). [10] Under external loadings, battery materials undergo mechanical deformations including bending, twisting, compressing and as well stretching, which can seriously affect the inherent structure of the electrode materials along with electrode/electrolyte transport properties. [11] Recently, good progress has been made in the development of core components of flexible LIBs and SCs (electrode materials, electrolytes and current collector). Nevertheless, the big challenges in procuring flexible energy storage devices are the fabrication of pliable electrode materials with high surface area, high specific capacity and good conductivity, selection of flexible and bendable current collectors with excellent mechanical properties (low density, roughened surface and tunable thickness), and solid state electrolyte with high mechanical properties and ionic conductivity. A good With wearable electronics rapidly coming into fashion, research into flexible energy storage devices and in particular, their pliable electrodes is attracting a lot of attention. Pliable electrodes are usually fabricated by intercalating an active material in a flexible matrix with superior mechano-electrical properties, and can be grouped either as substrate-supported or free-standing. Further, depending on their mode of deformation the electrodes can be labeled as bendable, compressible or stretchable. This Progress Report highlights the recent progress and challenges in the design and fabrication of pliable electrodes for constructing flexible lithium ion batteries and flexible supercapacitors. We also present 2 pliable core-shell structure electrodes fabricated from: (a) carbon nanotube sponge embedded with MoS2 nanoparticles and (b) electrospun polyethylene terephthalate fibers impregnated with graphene nanoplatelets.
Novel Pliable Electrodes for Flexible Electrochemical Energy
structural design can help to mitigate some of these obstacles to achieve some degrees of extended flexibility.
The most important component of flexible LIBs and SCs are the pliable electrodes, which possess advantages such as flexibility, lightweight, high energy density and high rate performance over rigid electrodes. It is not difficult to integrate pliable electrodes into single thin electrode material to yield a higher energy density, which is in contrast to rigid electrodes that consist of a mixture of active material, conductive additive and binders casted onto heavy metal current collectors. Also, due to superior electronic and ionic conductivities of carbon based flexible support, pliable electrodes can exhibit comparable rate performances to rigid electrodes. However, they possess some serious disadvantages in terms of cyclic stability, safety and large scale production. Their mechanical and electrochemical stabilities are lower as a result of each successive and varying mechanical deformation. [12] Our report targets the recent progress on flexible energy storage devices, including flexible LIBs and SCs. In first part, we highlight the challenges associated with flexible LIBs and SCs and then, we discuss the various fabrication processes for electrode materials in flexible LIBs based on different structure, deformation and design. In second part we present some recent developments inflexible SCs with the focus on 3-dimensional (3D) free standing hydrogels, 2D free standing paper-based and flexible substrate supported electrodes. We have also included in the discussion our recent progress work on flexible LIBs and SCs. It should be noted that most review articles focus on the 2D planer, 3D bulky structure with bendable or compressible deformations in LIBs or SCs, which are used in flexible electronics but are constrained in their potential applications for future electronic devices that require omnidirectional flexibility. [7,9f,13] Some recent articles have reported on fiber-shaped LIBs or SCs that fulfill the requirements of omni-directional flexibility. [14] In our review, we summarized and provided a comprehensive overview of the 2D planer, 3D bulky structures and fibershaped structure for LIBs and SCs.
A schematic sketch of flexible LIBs and SCs with different designs and structures along with the types of electrode used in their fabrication is given in Figure 1. 
Challenges Associated with Flexible LIBs and SCs
In flexible LIBs and SCs, the term flexibility implies the ability of being bended, but a more extensive meaning of the term includes the additional ability of being twisted, compressed and stretched. These extra modes of deformation not only generate more challenges for the electrode materials, current collectors and electrolytes but also, pose greater difficulties in the manufacture of flexible LIBs and SCs. In this section we introduce the main challenges associated with flexible LIBs and SCs and the requirements of their constituents components.
The main component of LIBs and SCs is their electrodes and it is very difficult to manufacture pliable electrode structure, due mainly to the lack of appropriate materials that are not only mechanically flexible but also, possessing a high conductivity and a good electrochemical performance. In conventional LIBs and SCs, the electrode materials are fabricated using a slurry-casting method in which, active materials in powder form, binders and conductive additives (mostly carbon black or CNT) are mixed together and casted onto metal current collectors.
[9f, 15] The binders provide an interconnection to the active materials, conductive additives and current collectors, while the conductive additives provide an electronic pathway between electrode materials and current collectors. The two materials also have some significant drawbacks; they are less likely to contribute to the charge storage phenomenon and they make up about 20% of the overall mass and thus, generate a decrease in the gravimetric/volumetric energy densities. Further, active materials such as activated carbon, graphite, LiCoO2, silicon (Si), metal oxides and other inorganic materials are intrinsically brittle and incapable of undergoing any finite deformation associated with bending, twisting, compressing or stretching. Hence, the development of highly flexible and mechanically strong electrodes with flexible structures is required to improve the electrochemical performance of flexible LIBs and SCs. This may be accomplished by eliminating the binders and conductive additives from the active electrode material and growing or pasting them directly on to the flexible substrates. The current collectors are used to provide structural support to the electrode material and the electrical pathway between the electrode material and the outer circuit of the cell. Current collectors suffer from 3 major problems: (1) in traditional LIBs the current collectors are mostly metallic -aluminum (Al) for the cathode and copper (Cu) for the anode and they collectively, account for between 15% and 50%, respectively, of the overall mass of the cathode and anode, [16] resulting in lower the energy densities of the LIBs. (2) Due to the flat and smooth surface of the metal current collectors, a very weak adhesion and limited contact between the electrode materials and the current collector takes place. During the cycling process, volumetric changes occur in the electrode materials, producing gaps at the interface of the electrode materials and the current collectors, and this result in a loss of capacity, stability and a low rate capability. For flexible batteries, the issue becomes more severe during mechanical deformations (bending, twisting, compressing and stretching and their combinations), leading to a delamination of the electrode materials. (3) during the long term cycling process, the metal current collectors remain in a corrosive environment for a prolonged duration and this make them susceptible to pitting corrosion and cracking in the Al and Cu respectively, which in turn, results in a loss of capacity and poor rate performance. The energy density and stability can be enhanced by replacing the heavy and rigid current collectors with flexible and lightweight versions such as graphene or CNT papers. [17] In traditional LIBs and SCs, the used liquid electrolyte is electronically insulator and acts mainly as a medium to allow ions to diffuse between cathode and anode. However, in comparison to conventional LIBs and SCs, the use of liquid electrolyte in flexible devices can be quite challenging due to mechanical deformations. Further, the mechanical deformation of flexible devices could lead to a short-circuiting that could result in an explosion. These safety issues have compelled the scientific community to look for solid state electrolytes, which can also, improve the cell life. However, the availability of solid state electrolytes have lowered the room temperature ionic conductivity (~10 -4 S cm -1 ), which could seriously undermine the charge transport. In addition, these solid state electrolytes suffer from poor interfacial contact with active materials, leading to a poor performance. The development of polymer or gel based solid electrolytes with enhanced ionic conductivity and mechanical properties is therefore, urgently required.
Integrating and packaging of each flexible component such as the electrode materials, current collector and electrolytes into a single device is highly sought. Flexible packaging materials that can bend and stretch in sync with other components of a flexible device to prevent the electrolyte from escaping are needed. [11] In addition to the flexibility issue of these power sources, there are 2 lifestyle demands that need to be met: (1) these electrochemical devices have to be ultrathin and ultralight compared to traditional LIBs or SCs in order to qualify as an ultrathin wearable electronic device and (2) they should be available in various shapes to conform to curve surfaces like the human skin. This can be achieved through a stretchable deformation.
Electrode Materials for Flexible LIBs
The electrochemical performance of LIBs is largely dependent on the active material and electrode structure with the configuration of pliable electrodes affecting the full battery design. Flexible LIBs can be categorized into 3 types on the basis of their deformation characteristics, structure and dimension and the electrodes materials: (1) bendable electrodes, (2) compressible electrodes and (3) stretchable electrodes. In the following sections we will describe each of the electrode system used in a full battery design.
Bendable Electrodes (BEs)
BEs are designed to work under a bending deformation and all its components; the substrate, current collector and active material continue to perform under a bending deformation. BEs can be classified as one of 2 types: 1) substrate supported BEs, in which the active material is deposited or casted onto a flexible substrate attached to the current collector and 2) free standing BEs, where the active materials are mixed with mechanically resilient and highlyconductive materials. The 2 electrode types have their advantages and disadvantages. For example, in the substrate supported BEs, the mechanical strength and flexibility is provided by the substrate used (conventional paper or textile), which could be highly elastic and hence, good for fabricating flexible storage devices. On the other hand, they also have disadvantages in holding the active materials on its binder. Binders are electrically insulators that result in an overall decrease in the energy density of the battery. Further, during deformations the active materials may delaminate from the current collector due the limited contact area between the active materials and the current collector. The free standing BEs have high Li storage capacity and energy density due to the absence of a substrate and binder, but they suffer from limited mechanical strength and currently, they are still evolving from laboratory-level investigation.
Substrate Supported BEs
The strength and flexibility of this electrode is strongly dependent on the type of substrate employed. Substrates can be divided into 2 types: conductive and non-conductive substrates. Carbon based films such as CNT and graphene are popularly used as a conductive substrate, which also works as a current collector. On the other hand, conventional paper, textile, polymer, plastic film etc. are frequently used as a non-conductive substrate. [13] A suitable flexible substrate should possess good mechanical properties (yield strength and elastic deformation), strong bonding with the active materials, adequate stability with the electrolyte and high electronic and ionic conductivities. The current collector is an essential component of a battery and the characteristics of the substrate determine whether a current collector is required to be fabricated as a part of the electrode preparation process. In case of a conductive substrate, the current collector is not needed as the substrate can act as a current collector, whereas for a nonconductive substrate, an additional conductive element should be deposited on it to act as a current collector. Non-conductive substrates.
Non-conductive substrates are very flexible as they possess large elastic limits but still, they are an electrical insulator. To make them conductive, a coating of a conductive layer, usually, a carbon based material such as CNT or graphene can be used. Methods such as a vacuum filtration, spraying and direct coating is used to make a non-conductive substrate acts as a current collector. Cellulose paper, textiles and polymers etc. are popular as a non-conductive substrate due to their high flexibility and adequate mechanical strength. Cellulose paper for example, is lightweight, lowcost, porous, easily processable, recoverable and environmentally friendly. It has attracted much attention in lightweight and flexible electronic devices. [18] There are two strategies to make a paper conductive: coating with a conductive layer and fabricating a composite paper by adding conductive additives to the cellulose. A nanocomposite of cellulose paper with CNT and graphene has also been developed and used as BEs for a flexible LIB. However, a Li foil is used as a counter electrode, which is deposited on the metal foil current collector but it can easily break under bending. [19] Cui et al. [20] demonstrated that a commercial paper can be easily turned conductive with a conformal coating of a SWCNT ink via the Meyer rod coating method, which can be used as metal free current collector in an LIB (Figure 2a, b) . They further showed that the conductive paper can be bent up to a 100 times without noticeable structural degradation while still retaining a good electrical conductivity. They also claimed that the adhesion of film on the paper is better than plastic and the resistance of CNT paper is highly dependent on the thickness of the CNT film (Figure 2c-e) . To evaluate the electrochemical performance of the battery, a slurries of cathode (LiMn2O4 (LMO)) and anode materials (Li4Ti5O12 (LTO)) were coated onto the conductive paper and with a half cell and a full cell it performed well (Figure 2f-h) . In a similar way, a simple dipping/soaking and drying method was reported in which a polycellulose paper or a Kimwipes substrate is made conductive with a CNT/MWCNT ink solution and used as a flexible/foldable current collector for LIB. [21] Textile is also an ideal non-conductive substrate that is lightweight, flexible, has more surface porosity than paper and can bear higher temperatures up to 200-300 0 C, which makes it highly desirable for many applications. [13] The surface chemistry of a textile makes it relatively easy to adhere an active material to allow for fast ion migrations. Therefore, it is obvious that a textile possesses tremendous potential for applications in flexible electronic and energy storage devices, [22] but still, it is an electrical insulator and hence, cannot be directly used as an electrode. A porous polyester fiber textile can be made conductive by soaking into a CNT ink and after drying be used as a current collector for anode and cathode; further, it is reported that the active material mass loading of textile current collector is about 8 times higher compared to a metal current collector. [23] With the same active mass loading, the textile current collector showed better performance than that of flat metal current collector and this was attributed to a reduced contact impedance due to the better contact between the active material and current collector. [23] Conductive substrate. Conductive substrates have also been used to hold active materials such as CNT and graphene films. The CNT or graphene is not homogenously mixed with the active materials but rather, are laminated together for use as a current collector. As in traditional LIBs, the current collectors are usually made of heavy and smooth metals and have weak adhesion with the active material and this reduces the overall energy density and stability of the cell. CNT and graphene film based current collectors are flexible, lighter and rough, which facilitates interface contacts and weight reduction. They have strong mechanical properties due to their 1D/2D nanostructure and with the small radius of curvature, they make very good BEs.
A conductive substrate fabricated from a Xerox paper [24] was used as a current collector for both anode and cathode of a flexible LIB. The Xerox paper worked as both a separator and a mechanical support with the highly conductive free standing CNT film acting as current collectors. The active materials, LTO as anode and LiCoO2 (LCO) as cathode were blade-casted onto the CNT film. For a full battery design the anode (LTO/CNT) and cathode (LCO/CNT) materials were coated on both sides of the substrate (Xerox paper) by a lamination process and encapsulated with a 10 µm-polydimethylsiloxane (PDMS) coating. After packaging, the full cell has thickness of about 300 mm and is highly flexible (bent downwards to <6 mm radius 50 times). In a similar way, a CNT film has been drawn from super-aligned CNT (SACNT) arrays to act as a current collector for an LIB. [17] The result is a very thin, nicely flexible and light weight collector compared to metal flat current collectors. Further, it possesses strong adhesion, good wetting, high mechanical durability and low contact resistance. [17] Recently, a new electrode design was demonstrated, in which the CNT film was prepared by a spray coating method to function as a highly flexible current collector (Figure 3a) . For the electrode fabrication, a nonwoven fibrous membrane was dipped into slurries of anode (LTO) and cathode (LCO) active materials and then, mechanically pressed onto a free standing CNT current collector (Figure 3b, c). [25] The full battery (Figure 3d) showed a 3-4 times higher performance in terms of areal capacity compared to similar reports using the same LTO/LCO active materials. [26] Additionally, the battery was mechanically flexed to varying bending radii for different electrochemical cycles and no any significant drop in areal capacity was observed after a 100-time flexing (Figure  3e) . The higher performance can be attributed to the highly flexible and conductive membrane, which supports the active materials and inhibits it from cracking during the flexing. Further, with the conductive CNT current collector the thickness of inactive components in the flexible LIB can be kept to a minimum.
Besides CNT films, graphene films or papers have also been used as conductive substrate or current collector for flexible LIBs. [27] For instance, Shi et al. [27] fabricated a highly conductive and flexible graphene paper to use as current collectors for both anode and cathode. The graphene paper was made by a filtration method and the active material of anode (LTO) and cathode (LiFePO4 (LFP)) were deposited on the surface of the graphene paper by another filtration method.
[27b] A full cell battery was assembled by adopting graphene-based electrodes (thickness 800 µm) and light red LED under a bending state, and the result showed superior electrochemical performance, high gravimetric/volume energy density and good flexibility/bendability of the graphene paper.
In summary, CNT or graphene paper based current collectors are very flexible, light and thin and have wide potential applications in flexible/bendable energy storage devices. The interconnected porous channels in the CNT thin films facilitate a very fast movement of charges and the rough surface provides a large surface area for the deposition of the active materials. Also, the CNT and graphene thin film are chemically inert, which ensure a good stability of the CNT or graphene based current collectors. These highly flexible batteries are promising for use in the next generation wearable electronics.
Free Standing Films for BEs
Free standing monolithic films. The use of CNT or graphene films as both current collector and active material allows for the development of ultrathin, light and flexible LIBs. Many reports have been published for the fabrication of CNT and graphene films. [28] Most of the films are fabricated by the vacuum filtration and CVD process. Generally, CNT or graphene film based electrodes have low mechanical strength and lack flexibility. These films also have low efficiency which prevent them for use in practical applications and thus, have been confined to mostly laboratory research. Morris et al.
[28a] studied the Li + storage capacity based on single SWCNT bucky paper and Liu et al. [28b] provided a comparative study among the SWCNT, DWCNT (double walled CNT) and MWCNT (multiwalled CNT) films fabricated by the vacuum filtration method in terms of their Li + storage. MWCNT film based anode showed better performance than either SWCNT or DWCNT due to its better mechanical stability after a series of electrochemical tests. In order to further increase the flexibility and mechanical strength of flexible LIB, Sun et al.
[28c] fabricated highly flexible porous CNT film on Celgard 3500 polypropylene separator by vacuum filtration method and used as anode directly. The enhanced flexibility and mechanical strength of as prepared electrode is due to the flexibility of separator and its presence in the electrode does not decrease the energy density of LIB as it is essential component of battery. In the vacuum filtration method, the surfactant is an essential element for the dispersion of CNT in the solvent even after washing. As it is electrical insulator and decrease the rate performance of battery. In addition, most of paper electrodes obtained by the vacuum filtration approach have disadvantages in terms of dimensional stability and flexibility for the reason that they are formed by an aggregation of physically-stacked NPs layers.
[28c]
CVD is another approach to grow the CNT film to increase the flexibility and mechanical strength of electrodes and hence, the performance of the LIB. Chen et al.
[28d] synthesized CNT film integrated with a highly conductive carbon layer (CL) on conductive and nonconductive substrates by the direct CVD method and used as an anode for the LIB. The resulting composite (CNT/CL) was flexible and lightweight, and showed a high reversible capacity (572 mAhg -1 at 0.2 mAcm -2 after 100 cycles). Besides CNT, a composite of aligned CNT (ACNT) array with conducting polymer was also used to fabricate pliable electrodes for LIB.
[28e] The ACNT film is better than the SWCNT film in several aspects: high surface area, high order and excellent mechanical properties. Recently, the effect of heat treatment on the performance of a flexible LIB was proposed.
[28f] The CNT film was fabricated via CVD and direct spinning for use as an anode of a flexible LIB, and the heat treated CNT film exhibited better electrochemical performance than the untreated one due to the high crystallinity perfection.
[28f]
However, the major disadvantages of these approaches are the highly expensive facilities and the complex preparation processes that limit their practical applications.
In addition to CNT films, graphene films have also been fabricated via a simple vacuum filtration process.
[28g,28h] Wallace et al. [28g] first investigated the graphene film by the vacuum filtration process for use as an anode. It exhibited good mechanical properties (Young's modulus of 41.8 GPa and tensile strength of 293.3 MPa), excellent electronic conductivity (351 Scm -1 ) and distinguishable electrochemical properties compared with pure graphite and offering an energy density of 1162 Whkg -1 . Although, it possesses good mechanical properties, its rate capability and specific capacities were unsatisfactory due to a restacking of the graphene sheets. Later reports also indicated that electrochemical performance of graphene papers as anode in LIB has a strong dependency on the thickness of the graphene paper with thinner papers having a better performance than thicker ones.
[28i] The decline in performance with thicker papers can be attributed to the large aspect ratio and a dense restacking of graphene sheets. To avoid a restacking of the graphene, spacer or filler such as acetylene black NPs and CNTs (Figure 4a ) [29] were introduced in-between the nanosheets (NSs) of the graphene paper. For instance, a porous graphene (PG) paper was synthesized via a freeze drying of a wet graphene oxide (GO) gel followed by a thermal reduction process.
[29c] The water content in the precursor GO was used to inhibit the restacking of graphene NSs. The macro porous structure of the fabricated PG paper can be tuned by adjusting the water content in the gel precursor. It can be used as a binder-free LIB anode that delivers a discharge capacity of 420 mAhg -1 at 2000 mAg -1 current density. The electrochemical performance is due to the 3D interconnected porous structure for rapid ion diffusion and fast charge transfer. The PG paper electrode is flexible and mechanically robust, making it an attractive electrode for flexible devices.
Free standing composite films. In free standing composite film electrodes, the 0D, 1D, 2D nanomaterials are homogenously mixed with CNT or graphene. [30] Due to limited specific capacity of graphite (372 mAhg -1 ) the carbon film-based pliable anodes have limited specific capacity. Instead Sn, Si, Ge, transition metal oxides (Co3O4, Fe3O4, etc.) and layered transition metal dichalcogenide (MoS2, SnS2 etc.) based anodes with high specific capacities have been used. However, large volume expansions, structure degradation during charging/ discharging processes and the continual formation of the solid electrolyte interphase (SEI) are the major drawbacks for these high capacity materials. Porous CNT and graphene with large surface areas, high flexibility and lightweight are more suited as a substrate for these high [30d] Copyright 2012, Elsevier B.V. capacity materials. Vacuum filtration is the most common technique for fabricating CNT or graphene-based composites and used as BEs for a flexible LIB (Figure 4b) .
[30a-d] For instance, Si/Reduced graphene oxide (RGO) composite film was fabricated via simply vacuum filtration and subsequent thermal reduction method, in which Si nanoparticles (NPs) were encapsulated in RGO matrix and showed better electrochemical performance than its individual counterparts.
[30e] 1D/2D hybrid structure using Si nanowires and graphene was also synthesized through vacuum filtration method followed with heat treatment.
[30f]
This paper like electrode exhibited many advantages; not only it provided a short diffusion path to the Li + ion and electrons, but also, prevented a volume change in the Si. It is often used as a binder free anode in the LIB and showed a high reversible capacity (ca. 3350 mAhg -1 of Si), excellent stability and high rate performance. A similar method was also used to hybridize Ge NPs with SWCNT and paired with the LiFePO4 cathode to deliver an anode capacity of 800 mAhg -1 at a discharge rate of 1C.
[30g]
Although, the graphene and CNT matrix accommodate the volume expansion, but because of the direct contact with the electrolyte, a continual formation of the SEI film occurs and this reduces the battery performance.
To avoid the direct electrolyte contact with the active material a dual strategy has been used, in which the active material is coated with carbon and then, encapsulated with CNT or graphene.
[30h] The Si nanowires were encapsulated with graphene (G) sheaths, overcoated with RGO and used as a free standing anode (SiNW@G@RGO) for LIB.
[30i]
The graphene sheaths avoided the direct contact of Si with the electrolyte and the flexible RGO overcoat accommodated the volume expansion of embedded SiNW@G nanocables. The result is a SiNW@G@RGO anode that is capable of delivering a high specific capacity (1600 mAhg -1 at 2.1 Ag -1 with an 80% capacity retention after 100 cycles) and a superior rate performance (500 mAhg -1 at 8.4 Ag -1 ). In another approach, a flexible Si/SiO2/C nanofiber electrode material was fabricated by electrospinning and heat treatment methods.
[30j] To further increase the cycle life, an additional carbon nanocables was overcoated on Si/SiO2/C by the CVD method. The carbon overcoating on the composite keeps the structural integrity intact and this increases the cycling performance. Lukman et al.
[30k] reported SWCNT/SnO2 anode paper through the vacuum filtration of SWCNT/SnO2 composite material. This composite material was first synthesized by the polyol method and then filtrated to form a paper with the CNTs forming a 3D nanoporous network. The anode paper with SnO2 of 34 wt.% exhibited a much better electrochemical performance than the pristine CNT paper. The SWCNT accommodated the volume expansion and at the same time, provided an efficient electrically conducting paths.
Additionally, flexible composite films of metal oxides such as ZnO, [30l] etc. with CNT/graphene have also been reported and used as bendable free standing anodes for LIBs. For example, holly Fe3O4/graphene (H-Fe3O4/GS) film was fabricated via vacuum filtration, followed by a thermal reduction process for use as a flexible free standing anode in the LIB.
[30q] It delivers a high specific capacity of 1555 mAhg -1 at a current density of 100 mAg -1 , and it showed excellent cyclic stability and rate performance.
[30q] This superior electrochemical performance was attributed to the 3D porous graphene network, which maintains good electrical contacts in H-Fe3O4 with reduced diffusion paths for the electrons and Li + ions. In addition to the vacuum filtration approach, a uniform distribution of Fe2O3 NPs in Fe2O3/SWCNT membrane was obtained by the CVD approach.
[30r] The Fe/SWCNT membrane was fabricated by CVD technique and the paper-like film was obtained by oxidizing in air the Fe to Fe2O3. This paper-like film is highly flexible and used as a binder free and current collector free anode to yield a high reversible capacity (1243 mAhg -1 at 50 mAg -1 ) and excellent cyclic stability. Just like the CNT or graphene, the expanded graphite (EG) is low cost and more importantly, to support the active materials for an improved electrochemical performance of the electrodes due to its high electrical and thermal conductivity, porous structure and mechanical flexibility. [31] Zhao et al. [32] reported an EG-based paper for use as a free standing anode and to further increase the Li storage capacity, Co3O4 NPs were delicately anchored between the NSs of EG. After 50 cycles its reversible capacity was increased 19.2% and this can be attributed to 3 factors: spacer effect (Co3O4), which facilitated the electrolyte diffusion, high mechanical strength and elasticity of EG buffered the volume expansion of the active material during the charging/discharging process, and the high conductivity of EG provided a fast transfer path for the electrons and ions.
To further enhance the battery performance, the synergistic effect of two metal oxides together with graphene has been investigated. A free standing flexible Fe2O3@SnO2/GS film was fabricated by vacuum filtration of the spindle-like Fe2O3@SnO2 NPs and the GO mixed solution is subjected to a thermal reduction, to homogeneously dispersed the spindle-like Fe2O3@SnO2 NPs in-between the graphene NSs. [33] The result is a highly efficient structure for the diffusion of Li + ions and electrons, and it prevented the agglomeration of NPs. The binder free anode exhibited excellent electrochemical performance (1015 mAhg -1 even after 200 cycles) due largely to the synergistic effects between Fe2O3 and SnO2. Recently, a mixed metal oxide/oxidized graphene (OGP) composite was used as a flexible and binder free flexible negative electrode. [34] The composite consisting of nickel manganese ferrite (Ni0.5Mn0.5Fe2O4 (NMFO)) NPs grown on the OGP network was prepared by a new solvothermal approach. The flexible and binder free electrode was fabricated by depositing the OGP and NMFO/OGP on polypropylene film via the vacuum filtration technique. The obtained binder free NMFO/OGP coated polypropylene film and free-standing NMFO/OGP possesses a high mechanical flexibility and an improved electrochemical performance compared with pristine NMCFO NPs.
The composite films of CNT/graphene or CNF with layered metal dichalcogenides such as MoS2, SnS2 etc. have also been prepared by electrospinning [30s] and the vacuum filtration process [30t,30u] for use as a free standing anode. In a typical example, a highly flexible porous carbon nanofiber (PCNF)@MoS2 coaxial fiber membrane was prepared via a combination of electrospinning and solvothermal approach, in which the 2D MoS2 NSs were homogenously coated over 1D porous CNF and resulting in a 3D open structure.
[30s] The 3D open structure facilitates a fast charge transport, increases the surface active sites of MoS2 and prevents the agglomeration of MoS2 NPs during the charging/discharging process. It exhibited a high rate capability (475 mAhg -1 at 1Ag -1 ) and cycling stability. Taking advantage of the incorporated CNT in-between the graphene NSs,
[29b] a flexible paper was fabricated, in which the SnS2 NSs were uniformly distributed and confined within the conductive graphene-CNT hybrid structure via a facile vacuum filtration and calcination approach.
[30t] The aggregation and pulverization of SnS2 NSs during a cycling process was effectively prevented by the confinement of SnS2 NSs in the graphene-CNT frameworks. As a result, an improved electrochemical performance in terms of capacity and cycling stability was obtained.
Compressible/Bendable Electrodes (CBEs) Based on 3D Bulk Materials
Recently, 3D bulk carbon materials such as the graphene foam, CNT sponge and aerogels [35] etc. have received considerable attention for constructing flexible LIBs as they are able to sustain high bending and compressive loads. The CNT and graphene building blocks of the 3D bulk material provide a large surface area, 3D interconnected porous structure with excellent bendability and compressibility and high electronic and ionic conductivity to facilitate fast movements of ions and electrons. [36] However, pure carbon based electrodes have limited specific capacity (372 mAhg -1 ) and it can be increased by a hybridization of the 3D bulk materials with high capacity active materials in an attempt to engineer target materials with multifunctionalties and improved properties for practical applications. [37] Binder free 3D composite electrodes that use carbon cloth (CC) or textile as a template for depositing the active materials have been very popular. [38] Liu et al.
[38a] fabricated a 3D ZnCo2O3 nanowire array/CC hierarchical composite using a simple hydrothermal process for use a free standing pliable anode with a high reversible capacity (1300-1400 mAhg -1 ) and excellent cyclic stability (1200 mAhg -1 after 160 cycles). A fully assembled battery using ZnCo2O3 nanowire array/CC as anode and LiCoO2/Al foil as cathode (Figure 5a ) is shown to operate between a 2.2-3.7 V voltage window with a good capacity retention (of 1300 mAhg -1 that is kept at 96% after 40 cycles). Further, after several hundreds of cycles, it did not exhibit significant performance degradation as measured from the voltage profile, and mechanical and electrical robustness and stability ( Figure  5b) . A unique hierarchical 3D carbon structure was developed using vertically-aligned CNT (VACNT) arrays grown directly on CC by a plasma enhanced chemical vapor deposition (PECVD) technique and then, Sicoated.
[38i] This VACNT-Si/CC hybrid structure was used as a pliable anode and it delivered a high areal capacity of 3.33 mAhcm -2 at 0.2 mAcm -2 current density. The enhanced performance can be attributed to the high electronic conductivity, high surface area and mechanically robust and structural stability of Si.
Besides CC or carbon textile, 3D graphene network (3DGN) grown by CVD has also been used as a template to deposit nanomaterials. [35a,39] The 3DGN consists of interconnected graphene NSs and serves not only as a substrate for the active electrode material deposit, but it also, provides large surface area and preserves the graphene conductivity. Further, it is lightweight, highly flexible and good conductivity for flexible LIBs. Li et al. [40] assembled a full battery using a 3D flexible graphene foam as a current collector and a graphene foam loaded with LTO NSs and LFP NPs, respectively, as an anode and a cathode (Figure 5c ) with a total thickness of < 800 µm and a specific energy density of ~110 Whkg -1 . They showed that the flexible battery was able to power a red LED under continuous bending to <5 mm radius of curvature without any appreciable structural degradation. The battery operated at a stable voltage of 1.9 V under bending with an initial discharge capacity of ~143 mAhg -1 at 98% coulombic efficiency with a rate of 0.2 C. Its capacity decreased only by 1% after being bended 20 times at a radius of 5 mm as a demonstration of the high mechanical stability and flexibility (Figure 5d) .
Recently, CNT sponges with 3D macroscopic porosity >99%, interconnected CNT skeletons, high electrical conductivity (~200 Sm -1 ), low density (5-10 mgcm -3 ), thermal stability, excellent mechanical flexibility and robustness have been reported for fabricating flexible and compressible 3D porous substrate (Figure 5e) .
[35b] The macroscopic structure and high electrical conductivity of the CNT sponge meant short diffusion paths for ions and high conductive pathways for electrons to enhance the rate performance. It exhibited good mechanical properties under bending (Figure 5f ), no damage to its structural integrity after twisting up to 3 twists (Figure 5g ) and recovered elastically under compression (Figure 5h) . Also, due to its high surface area porosity a significant amount of active mass can be loaded onto the CNT sponge. With all these good characteristics, several compressible/ bendable electrochemical energy storage devices have been fabricated. [41] Lou et al.
[41b] built a carbon coated, CNT/tin (oxide) spongy coaxial structure (CNT/Sn@C) via hydrolysis with a subsequent carbonization and annealing method for use as a free standing anode. The CNT sponge provided the mechanical flexibility, robustness and a conducting path for ions and electrons, while the carbon coating avoided a direct contact between the active material and the electrolyte. They reported a high reversible capacity of 847 mAhg -1 at 100 mAg -1 and a high cyclic stability (818 mAhg -1 after 100 cycles) with a high rate gravimetric and areal capacity.
Our group has also fabricated pliable and free standing electrodes synthesized from CNT sponge embedded with MoS2 nanoparticles (CNT@MoS2). The CNT@MoS2 electrodes are fabricated via a 2-step synthesis process that involves a novel low temperature thiourea thermal technique. The CNT sponge was impregnated with the MoS2 precursor solution to obtain MoS2 moieties on the CNT substrate. Subsequently, the dried CNT@MoS2 was immersed in a melted thiourea solution and transferred to a Teflon-lined stainless steel autoclave for reaction at 120 0 C for 12h. The obtained product was immersed in CS2 to eliminate elemental S components and air dried followed by heat treatment at 800 0 C at 6h to improve the crystallinity. The morphological characterization clearly suggested that the CNTs retain their original structure with an average diameter of 20 nm (Figure 6a) . The TEM images further revealed the uniform coating of MoS2 on CNT surface (Figure 6b) .The as-fabricated CNT@MoS2 sponge exhibited excellent structural stability under bending (Figure 6c ) due to flexible nature of CNT sponge [35b] as a support material. The electrochemical properties of the freestanding anode made from MoS2@CNT sponge for LIBs was evaluated by cyclic voltammetry (CV) and galvanostatic discharge/charge cycling. The first three cyclic voltammetry (CV) curves of MoS2@CNT sponge measured under a scan rate of 0.3 mVs -1 in the voltage window of 0.01∼3 V, are depicted in Figure 6d . In the initial cathodic sweep, two peaks located at 0.67 and 0.12 V emerged. The first peak can be assigned to the lithiumion intercalation during the MoS2 process to form LixMoS2. The second peak with a higher intensity corresponds to the reduction of LixMoS2 into metallic Mo NPs and Li2S matrix via a conversion reaction, and then the formation of a gel-like polymeric layer resulting from electrochemically driven electrolyte degradation. In the reverse anodic sweep, only one prominent peak at 2.45 V is seen and this can be attributed to the extraction of Li2S and oxidation of Mo to MoS2. During subsequent cycles, the original cathodic peak at 0.12 disappears while two new peaks at 1.77 and 0.85 V are repeatedly observed, which is consistent with the literature. [42] The peaks are also identified with plateaus in the first three cycles of discharge/charge curves (Figure 6e) . Also, an anodic peak at 1.71 V appears due to the restacking of MoS2 with an enlarged interlayer distance (0.64 nm) which leads to much larger lithium-ion interaction with subsequent cycling.
It exhibited a first charge and discharge capacity of 623.7 mAhg -1 and 643.4 mAhg -1 respectively, at current density of 100 mAg -1 . The discharged capacity is further enhanced with the increasing cycles (Figure 6f) . As shown, a 23.16% discharge capacity is increased from its initial value after 100 cycles. This is attributed to a greater exposed surface area of MoS2 and the increased interlayer distance (due to its layered structure nature during charging/discharging). The high flexibility and compressibility, good mechanical properties and high electrochemistry performance indicate that a CNT@MoS2 sponge could be used to power flexible devices.
Fiber-Based Stretchable Electrodes (FSEs)
The electrode structure along with the design and active materials are important factors for assessing the performance of flexible energy storage devices. The 2D paper and bulky based-electrode batteries can be bent, twisted or compressed and have been applied in many paper electronics.
[18b] However, to meet the demands of wearable and stretchable electronic products, versatility, durability and robustness are additional requirements that drive the development of power sources of these devices so that they are able to perform well under enhanced bending, twisting, and even stretching loads with a greater shape versatility and an omni-directional flexibility. [43] The commercial polymer fibers are flexible and lightweight, but they have low conductivity and may even be insulating. They can be made conductive by a CVD coating with a conductive layer and this creates a hurdle for them to be produced on a large commercial scale. Carbon based fibers are promising and have been used in many wearable electronic products, [43] solar cell, [44] sensor, [45] and currently, the fiber shaped LIBs [14] are receiving considerable attention from the wearable and flexible device manufacturers.
Several flexible CNT fiber based electrodes have been investigated as a half-cell using the Li wire/foil as a counter electrode. [46] The first CNT based composite fiber was developed by incorporating MnO2 NPs onto the surface of MWCNT by an electrochemical deposition in an aqueous solution with the weight percentage of the NPs controlled by a cycle number in the electrochemical deposition process. This composite fiber is highly flexible and did not exhibit any structural degradation or loss of electrical conductivity during deformations. It was investigated as a positive electrode in micro LIB with the Li wire as a negative electrode, and the whole electrode system achieved a specific capacity of 218.32 mAhg -1 at 5 × 10 -4
mA.
[46a] In order to further increase the electrochemical performance, a high specific capacity active material (amorphous Si (α-Si)) was deposited onto the surface of the CNT yarn by a CVD technique and the thickness of deposited Si was controlled by the deposition time. The CNT@ α-Si yarn possess a higher electrical conductivity and showed good flexibility and mechanically strength that is as high as the widely used conventional yarn in the textile industry. Further, its Li storage capacity was 5 times higher than with graphite. In addition, Si was also deposited onto aligned and continuous MWCNT sheets by an electron beam evaporation process.
[46b] This MWCNT/Si sheet was then scrolled to form a fiber shape electrode with a coreshell structure. The half-cell was manufactured using this composite fiber as a working electrode and the Li wire as both the reference and counter electrodes (Figure 7a) . Although a FSE exhibits a high specific capacity, its cyclic stability still needs improvement. In all the above cases, the Li wire electrode is not as flexible as a fiber and this affects the full flexibility of the devices in many applications.
Current FSEs can be conveniently divided into 2 types based on their structural arrangement: helical coaxial structure and parallel structure. In 2012, Kim et al. [47] fabricated a cable type flexible full battery with a helical coaxial structure (Figure 7b) . It has an omni-directional flexibility that can be bent into any shape so that it can be [47] Copyright 2012, John Wiley & Sons, Inc. (e) Schematic illustration for the fabrication of the coaxial fiber full LIB. Red, blue, and yellow colors correspond to cotton fiber, CNT-LMO composite yarn, and CNT-Si/CNT composite yarn, respectively. Voltage profiles of the fiber-shaped LIB with 1 C between 2.0 and 4.3 V. e, f) Reproduced with permission. [48] Copyright 2014, American Chemical Society.
worn on any part of human body (Figure 7c) . The battery exhibited a negligible variation in the discharge properties as the bending strain is increased (Figure 7d) . However, it suffers from a low specific capacity (1mAhg -1 ) for the first charge/discharge cycle. Moreover, it is relatively large with a diameter in the millimeter range and this implies that the battery is unable to adequately meet the requirement with respect to the weavability. The weight and mass of battery can be further reduced by eliminating the metallic current collectors. Weng et al. [48] fabricated a coaxial fiber LIB by sequentially winding an aligned CNT hybrid yarn anode (CNT/Si) and cathode (CNT/LMO) onto cotton fibers and separated by an electrolyte gel to avoid direct anode-cathode contact. The assembly is then covered by a protective layer of a shrinkable tube (Figure 7e) . It exhibited initial specific capacity of 106.5 mAhg -1 with an average voltage of 3.4 V (Figure 7f) . Although, the device generated a better electrochemical performance, the full specific capacity of Si was still low. Further, the Si layer could be easily broken and this greatly decreases the stability of LIB.
Fiber shaped batteries generally work well under bending, twisting and tying deformations, but they don't seem to work so well under a stretching deformation. Two new designs have been created in an attempt to achieve better stretchability: substrate supported and substrate free LIBs. Employing a parallel structure, Ren et al. [49] fabricated a flexible fiber LIB, in which the CNT/LTO yarn is made into the anode and the CNT/LMO yarn the cathode, and they are separated by a poly (vinylidene fluoride) membrane (Figure 8a) . It is able to deform into various configurations with no apparent damage or performance loss. The LIB was made stretchable by winding the cathode fiber and anode fiber onto an elastic substrate with an additional coating of the gel electrolyte (Figure 8b) . This battery demonstrated high stretchability up to a strain of 100% and maintained a 84% capacity after stretching for 200 cycles (Figure 8c) . Other publications have reported on the stretchability issue using substrates such as silicon elastomers or elastomeric polymer to achieve the stretch. [49] [50] However, this approach has its share of problems; by using a substrate, it increases the volume and weight of the battery and decreases its energy density, which in turn, limits its practical application usage. Additionally, the low operating temperature and poor mechanical properties of polymeric substrate make them unstable.
Recently, a free standing LIB was fabricated using flexible hybrid spring as electrodes (Figure 8d) . [51] It was lightweight with a linear density of 10 -2 -10 -1 mgcm -1 , is flexible, stretchable and its electrochemical performance were maintained during both bending and stretching deformations. It can be easily stretched and released at strain of 50% and 100% (Figure 8e) . The full battery has LMO/CNT and LTO/CNT as positive and negative electrodes, respectively and showed a specific capacity of 92.4 mAhg -1 with a good cyclic stability (92.1% retained after 100 cycles). Further, as an indication of the high flexibility the capacity remained at 85% at the 100% strain, and less than 1% variation in capacity at the 50% strain after stretching continuously for 300 cycles (Figure 8f) . These full fiber-shaped batteries appear to somewhat fulfill the needs of the wearer electronics by the textile industry as the flexible batteries can be woven into many flexible shapes and sizes of clothing to be worn on the human body. [48-49,50b] This flexible battery for clothing is still evolving and has become a future research direction for developing more efficient and better wearer LIBs.
Electrode Materials for Supercapacitors
Electrochemical capacitor (EC) or supercapacitor (SC) is a new class of capacitors that are capable delivering high power and energy densities, without the undesired safety concerns. [52] The promising cycling life and electrochemical performance of SCs allows this type of energy storage devices to be attractive for charging future wearable electronics. [53] However, the commercially available technology suffers from rigidity and heavy weight, therefore, it is desired to introduce lightweight, flexible, high performance all-solid-state SCs that can beg Sun easily integrated with wearable electronics. These flexible SCs can be used to power wearable electronics [54] or miniature implantable biomedical devices. [55] SCs utilize 2 main types of mechanism to store electrical energy and they are electrical double layer capacitance (EDLC) and pseudocapacitance (Figure 9) . [56] The energy in an EDLC is stored electrostatically in an electric field, leading to extremely short discharge times. Representative EDLC materials include activated carbon (AC), graphene (G), and CNT. [57] Pseudocapacitance is the charge storage behavior achieved from the reversible Faradaic redox reactions on the electrode/electrolyte interface, yielding extremely high energy density, but suffer from long charging times. [58] Popular pseudocapacitive materials for energy storage include conductive polymers such as polyaniline (PAni), polypyrrole (PPy), and transition metal oxides, such as ruthenium oxide (RuO2), and manganese oxide (MnO2). [59] Research has been underway on several fronts in order to improve the flexibility and mechanical properties of SC electrodes, while creating a hybrid system that takes advantage from both EDLC and pseudocapacitance storage mechanisms. [8, 60] In the following section, we highlight the different pliable electrode materials based on hydrogels (3D free standing), paper based (2D free standing) and flexible substrate supported and also discuss the future challenges for flexible SCs.
Hydrogel Electrodes
SC performance improves dramatically from the increase in electrode surface areas as a result of promoted EDLC, as well as improved Faradaic REDOX interaction of the electroactive species. A number of studies have utilized high-surface-area particles such as graphene or MWCNT to create electrodes for SCs, however, these typically required binder materials. [61] The binder material does not actively participate in the charge storage process, and therefore would negatively impact the overall specific capacitance of the SC. Therefore it became attractive to construct 3D networked structures without the additional binder or inactive substrate materials.
Hydrogel represents a class of polymeric materials that contain hydrophilic 3D structural networks that allows the absorption of water molecules. [62] Some of the benefits that hydrogel for pliable SC electrodes offer are the high flexibility and surface area that allows the ions electrolyte solution to fully interact with the active material within the 3D network. Free-standing hydrogels are typically fabricated through cross-linking the polymeric network chains. [62] Researchers utilized both EDLC and pseudocapacitive materials in constructing hydrogel electrodes for flexible SC applications and have reported good electrochemical behaviors. [63] Hydrogel electrodes are typically prepared via a simple chemical method and can be manufactured into very thin film electrodes that still retains a large ion-accessible surface area. [63b,64] The main advantages of such electrodes are the high electrical conductivity, the desirable mechanical properties, as well as the formation of hierarchical micro-porous 3D network structures.
[63c] The flexibility can also be maintained through the integration with aqueous electrolyte systems, as the micro pores are allowed to fully swell and interact with the electrolytic ions [65] . The high areal gravimetric specific capacitance values are obtained from the formation of hierarchical 3D structures that prevent graphene from restacking and expose the active surfaces for electrolytic interaction. The free movement of the electrolytic ion inside the electrode's porous networks further enhances the rate and cycling capabilities. However, hydrogel electrodes tend to suffer from aqueous electrolyte leakages if the cell is not packaged properly, leading to reduced cycle life. [64] Scaling production that ensures the repeatability of hydrogel-based electrodes is also a challenge looking forward.
Early works by Ghosh et al. [65] demonstrated the possibilities of extending the use of conductive polymer hydrogels to the field of energy storage. Shi et al. [63a] constructed SCs with PPy based hydrogel electrodes. These PPy hydrogels had an internal structure that is similar to foams, that forms a network of interconnected PPy microspheres. Flexibility was ensured via the use of CC as current collectors. The cyclic voltammetry showed a high specific capacitance range in between 300-400 F/g at a current density of 0.2 A/g.
[63a]
With purely EDLC materials, Xu et al.
[63b, 64, 66] has successfully fabricated graphene hydrogel based pliable electrodes that can be applied as electrode for SCs. The graphene hydrogel was made through a simple one-step hydrothermal process at 180 °C [66] with process details in Figure 10a , b. The polymer electrolyte system was casted on the graphene hydrogel electrode, and were pressed together with a similar counterpart to form the SC cell. The SEM images (Figure 10c-f ) demonstrated the highly porous 3D structure of the SC hydrogel electrode that allowed efficient charge storage capabilities. As shown in Figure 10g , the flexible SCs with 120 μm thick graphene hydrogel thin film electrodes achieved a high specific capacitance of 186 F/g, an aerial specific capacitance of 372 mF/cm 2 , and excellent cycling stability, while maintaining ideal mechanical flexibility. [64] The ideal cycling behavior was also demonstrated in Figure 10h showing that nearly 100% of the capacitance was retained even after 10000 cycles. Xu et al.
[63b, 64, 66] constructed a porous hydrogel network that utilized the high specific surface area 3D structures to achieve an increased energy density compared to other types of electrodes (Figure 10i) .
Researchers have employed various strategies in improving the hydrogel performance since then. Chen et al. [67] reported a nitrogen-doped graphene hydrogel structure that obtained a high power density of 205.0 kW/kg even at very high charge/discharge rate of 185.0 A/g, while retaining 95.2% capacitance after 4000 cycles. Nickel foams were also used as a substrate material for graphene hydrogels in order to improve the ionic access to the graphene hydrogel for improved EDLC performance. [68] However, the rigidity of the metallic foams restricted the electrode's desired flexibility.
Hybrid hydrogels became an attractive option in the recent years as the combination of EDLC and pseudocapacitive materials proved to be an optimal synthesis strategy in creating high performance SCs. Hao et al. [63d] constructed a hybrid hydrogel system with PAni, polyacrylamide, and α-cyclodextrin, leading to an increase in the specific capacitance at much lower active material loadings. Chen et al. [69] created a novel graphene-nickel hydroxide (Ni(OH)2) hybrid hydrogel that contains Figure 9 . Charge storage mechanisms for SCs. EDLCs store energy electrostatically with the creation of Helmholtz layer at the electrode electrolyte interface, while pseudocapacitance achieves charge storage with the fast and reversible REDOX reactions at the electrode surface. nanostructured pores that facilitates the ion transfer within the electrode's networked structure, thus leading to improved electrode kinetics.
Paper-based Electrodes
Paper products have good flexibility and have been made mechanically stronger and more resistant to wear and tear in the recent years. Researchers began to mimic the mechanical nature of paper, and started to experiment with paper-like electrodes made of active charge storage materials. To ensure flexibility, many researchers began integrating high-surface-area NPs such as VACNT or graphene particles with paper products in order to create SC electrodes with exceptionally high surface areas, and ultimately charge storage performances. [18b,19a,70] Unlike the typically paper products, the wear and tear issues in paper-based EDLC electrodes can be effectively addressed with the superior mechanical properties of CNT or graphene. In order to further improve the electrode/ electrolyte interface, simple strategy was used to fabricate crumpled graphene paper SC electrodes that showed exceptionally high uniaxial strain at ~300%, while demonstrating a reasonable specific capacitance at 196 F/g. [71] As shown in Figure 11 , the graphene paper would be pre-stretching the graphene paper and let it relax biaxially to create the folding patterns to enhance the electrode performance. [71] Other groups have looked at other ways of creating this type of lightweight, paper like hybrid structures for SC electrodes using EDLC materials, such as graphene or partially reduced graphene oxide, in combination with pseudocapacitive materials, such as PAni or vanadium oxide (VO2). [70, 72] Recently, a unique sandwiched PAni/graphene/PAni composite paper electrode was fabricated that achieved desirable properties such as high electrical conductivity of 340 S/cm, lightweight, while retaining good mechanical properties. [70] Lee et al. [72] suggested a method of integrating large sheets of graphene oxide and VO2 nano-belts that greatly reduces the sheet resistance of the electrode, thus improving the overall electrode performance. Various fabrication methods aimed at increasing charge storage for paper electrodes have been reported. For example, Sun et al. [73] successfully fabricated flexible graphene paper fabricated via a reduction process for SC electrodes induced by flame and have achieved a high surface area of 274.9 m 2 /g that can facilitate ion transfer within the electrode structure. Zhao et al. [74] created porous graphene paper electrode by producing in-plane vacancy defects in the graphene sheets, thus allowing electrolytic ions to efficiently transport within the layered graphene systems. This method utilizes ultrasonication to create high temperature cavitation bubbles that attacks and penetrate the surface to create facile defects. [74] Even though this method has only been applied for battery applications, it is yet to be implemented for SC applications. Wang et al. [75] recently introduced a type of flexible graphene paper that utilized carbon black NPs as pillars. The carbon black particles served as spacers that prevents graphene layer from restacking; this way, the maximum exposed active surface can be ensured. Even at a high scanning rate of 500 mV/s, the specific capacitance was found to be a reasonable138 F/gin aqueous electrolytes with only a 3.85% degradation after 2000 test cycles. [75] With the increasing research efforts on paper-based electrodes for SCs, this type of electrodes has shown great promise in producing scalable, low-cost, flexible, high performance energy storage products. The major advantages delivered by this type of paper electrode are namely the sustained electrical conductivity, the mechanical strength and elasticity, as well as the increased availability of active surfaces through the utilization of spacer NPs. [70] [71] [73] [74] [75] [76] When combined with gel-based electrolyte systems, these flexible paper electrodes provide an attractive method of creating all-solid-state flexible lightweight SC cells that will potentially revolutionize the future of energy storage. However, the challenge comes with the fabrication of hybrid paper electrodes that allows for high rate capabilities while ensuring the high energy density. There is still space for improvement when it comes to the energy density of paperbased pliable SC electrode.
Flexible Substrate Supported Electrodes
Research and development in the field of smart textiles have triggered research interests in fabric based electrodes for SCs that can be integrated with sensors and actuators smart textiles. In many studies, various fabric materials were utilized as the flexible substrate, and then by applying a charge storage coating on the fabric surface in order to enable the functionalities of the electrode. Liu et al. [77] recently used a simple "brush-coating and drying" process to coat a thin layer of graphene oxide on cotton fabric sheets, which obtained a satisfactory 81.7 F/g as the specific capacitance. The cotton fabric sheets ensured the flexibility of electrode and provided a facilitated ionic transport platform for efficient electrode/electrolyte interactions. In another study, PPy nanorods were coated onto the cotton fabric via an in-situ polymerization process. The PPy coated cotton fabric electrode achieved very high specific capacitance of 325 F/g but suffered from high cycling losses after only 500 cycles. [78] Even though cotton fabric sheets have been researched extensively as a flexible substrate, it does not actively contribute to the overall electrode performance. The electrical conductivity of the electrode material can be significantly improved via the use of graphene fabrics. Zang et al. [79] reported a hybrid electrode with PAni coated on a graphene woven fabric material. The flexibility was ensured while the specific area capacitance reached 23 mF/cm 2 , a 12 time increase from with the graphene fabric alone. The composite showed ideal cycling stability with 100% capacitance retention rate after 2000 cycles.
It was deduced that the significant charge storage enhancements originate from the surface area increases and improved facilitation of ion transfer within the electrode's networked 3D structure. And therefore, foams of various types have been considered extensively to be employed as SC electrodes in the recent years. Meng et al. [80] prepared Reproduced with permission. [71] Copyright 2014, Nature Publishing Group.
a highly pliable porous graphene free-standing composite electrode by growing PAni nanowire arrays on a 3D graphene scaffold surface (Figure 12 ). The porous graphene structure was created using CaCO3 as a sacrificial template and reducing graphene oxide. The 3D graphene/PAni nanowire electrode demonstrated superior electrochemical performance of up to 385 F/g, while retaining 90% of charge storage capacity after 5000 cycles. Graphene foam created via chemical vapor deposition (CVD) coated with polypyrrole obtained specific capacitance of 660 F/g, and a specific energy of 71 Wh/kg. [81] The ideal SC electrode behavior was attributed to the 3D interconnected networks of the composite foam structures.
MWCNT has also been grown onto a graphene foam to increase the specific surface area without adversely affecting the cycling capability via the introduction of pseudocapacitive materials. [82] The few-layered graphene/MWCNT foam made by Wang et al.
[82a] is a densely packed hierarchical nanostructure with a high specific surface area of 743 m 2 /g, which generated a 233 F/g specific capacitance.
In order to ensure the ions are capable of travelling through the active network, as well as allowing the maximum active surface to be exposed, it was thought that a core-shell structural network involving nano-sized fibers and active conductive polymer coating can be fabricated to optimize SC electrode performance. Herein, we present a novel strategy that disperses graphene nanoplatelets (GnPs) uniformly and well-adhered to electrospun polyethylene terephthalate (PET) fibers for an efficient access by the solvated ions to interact with the large exposed active surface area. SEM micrograph revealed core-shell structure formation of layered GnPs on top of the PET nanofibers. The average diameter of the pure electrospun PET nanofibers is 114 ± 41.3 nm, with the GnPs shell of 10-30 nm in thickness, as determined by the SEM image analysis. The specific capacitance has been measured to be 72.1 F/g at a relatively fast CV scan rate of 100 mV/s, based on the weight of the entire electrode, including both GnPs shell and PET substrate. This indicates that the large exposed carbon surface area to the solvated ions within the aqueous electrolyte in the SC cell has reduced the charge transfer resistance at the interface to only 0.4 Ω, indicating efficient charge transfer taking place. Galvanic charge/discharge (GCD) tests showed the IR drop at the start of discharge cycles is minimal. Cycling tests verified the cycling stability of the electrodes fabricated from GnPs embedded PET fibers (PET@GnPs). The specific capacitance was measured to be 70.7 F/g after cycling 1000 times, corresponding to a 98.1% capacitance retention rate. The CV performed at relatively high scan rate showed that the specific capacitance did not dramatically decrease even at 100 mV/s scan rate, and the cyclic voltammetry still retained an ideal shape even at a very high scan rate of 1000 mV/s. The resulting energy density with a voltage window of 1.2V is calculated to be 14.41Wh/kg, and the power density is 1.16 kW/kg. The energy density for the PET@GnPs fibers is comparable to that of Ni metal hydride battery but with a higher power density. The electrolyte used for the testing is aqueous 1M H2SO4 electrochemical impedance spectroscopy (EIS) was performed from a high frequency of 10 5 Hz to a low frequency of 0.02 Hz. The GCD was performed at a current density of 1 A/g, with the voltage cycling between 0-1 V. The PET nanofibers were first fabricated via a conventional electrospinning method, as shown in Figure  13a . The electrospinning solution was made with 10 wt.% PET granular pellets dissolved in 1:1 Dichloromethane (DCM): Trifluoroacetic acid (TFA) solution. The process was carried out for 30 minutes to obtain a very strong, yet flexible thin white PET electrospun film (Figure 13d) . PET electrospun fiber film was then placed into the GnPs colloidal suspension to be treated with gentle ultrasonication to open up the porous structure in order to allow infusion of the dispersed GnPs. A black, wetted PET@GnPs film was obtained. The PET@GnPs composite fiber was then taken out of the suspension and washed repeatedly to remove an excess large agglomerates of GnPs attached on the surface of the PET nanofiber. SEM analysis of the pure electrospun PET flexible film showed Figure 12 . 3D reduced graphene oxide/PAni composite electrode sample with SEM images of the 3D graphene nanostructures showing the grown PAni nanowires. The specific capacitance was not heavily affected by the varying current densities, demonstrating good charge storage capabilities even at high discharge currents. Reproduced with permission. [80] Copyright 2013, John Wiley & Sons.
characteristics of nano-sized fibers in the diameters ranging from 32.7 nm to 254 nm, with an average diameter of 114 ± 41.3 nm (Figure 13b, c, e) . The flexibility of the actual sample was demonstrated in Figure 13d . Previous studies focus mostly on the surface modification on the electrode material in order to increase the surface area that allows more effective EDLC for charge storage. However, it is noted in our study that to obtain higher surface area it is more effective to construct open-cell porous template structures that allows the solvated ions to penetrate through and reach the interconnected fibers surfaces to achieve improved EDLC.
With larger accessible platform for charge storage, it was then possible to coat a very thin layer of active EDLC material, such as GnPs, on top of the 3D fibrous structure to increase the overall SC performance. However, even with the GnPs particles dispersed by ultrasonication, simply dipping the PET nanofiber into the GnPs colloidal suspension did not allow the GnPs particles to adhere onto the nanofibers, resulting in large agglomerates on the surface (Figure 14a) .
As investigated previously, the interfacial adhesion between flat PET film and the monolayer graphene has been found to be poor. [83] And it was also reported that graphene interfacial adhesion to flat PET roll is low in strength and therefore can be used for continuous printing or patterning onto other better adhered substrates. [84] The main mechanism that drives GnPs to attach to the surface of substrates is via Van der Waal's interactions. However, it was observed that the interaction was poor, and the GnPs were more favored to form large agglomerates rather than adhering to the PET nanofiber surface. Large GnPs agglomerates of sizes in the range of 1-2 μm were observed throughout the PET substrate surface. With the ultrasoundassisted fabrication technique, as shown in Figure 14b , a unique lightweight, flexible, high surface area and wellattached PET@GnPs has been successfully created. By placing the PET nanofiber mat into the colloidal solution and place the ultrasonication probe directly above the substrate material. With a gentle sonication, the GnPs particles was observed to attach much better onto the nanofibers to form layers of thickness ranging from 6-16 nm after repeated washing, with an average of 10 ± 4.2 nm. GnPs have a typical thickness of 8-15 nm which correspond well to the thickness increase observed experimentally. The stacked GnPs allowed for gaps that resembled a viable mesoporous structures (as hypothesized from the low charge transfer resistance in the EIS analysis), which was shown to be the most effective porous structure for the ions to move freely while the specific surface area is optimized. [56] Therefore, even though the layered effect still exists with the GnPs, the energy and power density performance of the electrode is still considerably higher than other types of graphene-based SCs.
[57a,85] The thickness of the obtained PET@GnPs film was controlled at 0.15 ± 0.01 mm. The adhered GnPs particles on the PET nano-substrate accounted for 18.22% of the total weight of the PET@GnPs fiber according to TGA analysis. The superflex PET@GnPs electrodes allow the SC cell to be highly flexible. The flexibility test has showed that the PET@GnPs fiber mat can be bent 360˚ or twisted one complete turn without exhibiting irreversible strain deformations (Figure 14c-e) .
CV performed at various scan rates ranging from 5 mV/s to 1000 mV/s has shown that the charge transfer takes place effectively within the electrode. As shown in Figure 15a , the rectangular shape of the CV was retained even at very high scan rates (i.e. 1000 mV/s). This indicated that the charge transfer between the electrolyte and the porous electrode was not hindered, and therefore demonstrated an ideally shaped CV graph. The obtained capacitance at 100 mV/s was 72.1 F/g, indicating that majority of the GnPs surface area was accessible to the ions in the electrolyte, allowing for very effective charge storage mechanism. We have created a nano-porous fibrous structure that allows the electrolyte to access of the surface area available throughout the PET@GnPs film thickness, thus allowing better EDLC performance. Herein, the porous structures in the PET@GnPs fibers can also be effectively controlled by tuning electrospinning and GnPs sonication-assisted coating parameters. The EIS result shown in Figure 15c indicates that the charge transfer impedance is very low at about 0.4 . This shows that even with high scan rates, the CV graphs still depicted a fairly rectangular and ideal capacitor behavior for the PET@GnPs electrode, indicating that the electrolytic ions are allowed to travel freely into and out of the porous electrospun PET@GnPs electrode system. From the GCD curves shown in Figure 15d , the energy density was calculated to be 14.41 Wh/kg, and the power density at 1.16 kW/kg for the PET@GnPs fibers, based on the entire weight of the electrode. With the utilization of nonaqueous solid-state electrolyte, the voltage window can be stretched from 1.2 V to 4.0 V, which would result in dramatic increases in both energy and power densities. Therefore, this type of SC electrodes can be suitable for many flexible, high power requirement applications. The cycling test showed a common trend with carbon-based EDL capacitors (Figure 15e, f) , where the degradation in specific capacitance is essentially zero in the first 2000 cycles. At 3000 cycles, it was found that the specific capacitance decreased to around 94.2% of the initial value, which is still considerably higher than most pseudocapacitance materials. It is hypothesized that this reduction may be due to the detachment of GnPs from the PET substrate after 2000 cycles of charge cycles. Surface treatment of the PET fiber scaffold structure may provide a key to further improving the adhesion between the GnPs and the PET nanofibers, allowing better cycling performance of the PET@GnPs superflex electrode systems. This novel ultrasound-assisted fabrication strategy showed promise in creating core-shell structure superflex, high-performance SC devices that can be applicable for energy storage purposes in biomedical or personal electronic industries.
The difficulty associated with electrodes for flexible substrate is the adhesion interactions between the active materials and the dormant substrate. While the substrates typically do not actively participate in the charge storage, they provide a suitable large-surface-area platform for the active electrode materials. If there is poor adhesion between the substrate and the active materials, it may lead to poor cycling capability and decreased shelf-life. In addition, the possible chemical reactions between the substrate material and the electrolyte system can also negatively contribute to the electrode performance, leading to possible increase in degradation rate.
Conclusions and Outlook
In this Progress Report, recent progress and challenges associated with flexible energy storage systems for the wearable electronics devices are presented. Although, a lot of research has been carried out on pliable electrodes such as in paper based (cellulose paper, textiles, CNT/graphene free standing films) or 3D bulky-compressible materials (hydrogels and graphene or CNT sponge etc.), their performance is still not up to par with their rigid counterparts. The substrate supported electrodes (cellulose paper or textile) have high flexibility, but their energy and power densities are still low. Composite free standing films of graphene or CNT with high capacity materials (Si, Ge, Sn and metal oxides etc.) improve the electrochemical performance, but possess poor mechanical strength. Another major challenge is to maintain the rate capabilities while increasing the energy and power densities. In the case of flexible SCs with hybrid electrode materials, the energy density is typically ensured by the inclusion of pseudocapacitive components, but that decreases the rate capabilities due to interfacial REDOX reactions. To overcome these problem electrode materials with a high specific surface area and porous structure that facilitates a short ion transfer path and high electronic conductivity are highly desired. A possible solution to improve the electrochemical activity and electronic or ionic conductivity is the 3D conducting network. Xin et al. [86] reported on 3D porous nanocarbon networks with different carbon morphologies such as (NPs, CNT, graphene and nanoporous carbon) that can increase the electrochemical performance by providing a fast electron and ion transfer during charging and discharging. In addition, charge storage capacity can be further increased by hybridizing these 3D nonporous carbon networks with nanostructured electrode materials.
Obtaining stable electrochemical performance under adverse thermo-mechanical stresses in flexible storage devices is highly challenging. Most pliable electrodes under constant mechanical deformations exhibit low performance and this greatly hinders their practical applications. The current technique to address this issue is to hybridize the active materials with CNT or graphenebased substrate.
Packaging is another difficulty that can affect the reliability and the consequence performance of the flexible storage devices. A properly designed and well-assembled packaged device prevents the electrolyte from leaking during bending, stretching, or compressing deformation. This problem can be addressed using solid state electrolytes that should be flexible, ionic conductive and have excellent adhesion with electrode materials during bending, stretching or compressing.
The lack of a good understanding of the electrode/ electrolyte interfacial interactions under mechanical deformations contributes to an insufficient control over the performance of these flexible storage devices. To date, most of research studies focused on reporting experimental observations instead of understanding and predicting their behaviors. Advanced simulation techniques that allow a better understanding of the electrode surface behaviors can lead to improved control over the electrical conductivity, energy storage performance and mechanical properties.
Electrode materials, their design and fabrication are key points to ensure they have the designed flexibility. 3D printing technology can provide cost-effective, large-scale production of practical pliable electrodes. However, the absence of an industry standard to assess variations in the electrochemical performance under varying mechanical deformations is hindering their proper development. Despite the many challenges, the future of flexible LIBs/SCs is extremely bright. The increasingly improved mechanical and electrical properties of pliable electrodes for flexible LIBs/SCs that are low cost and with high energy and power densities will undoubtedly stimulate many new applications in wearable electronic devices.
